Metathesis reactions is firmly established as a valuable synthetic tool in organic chemistry, clearly comparable with the venerable Diels-Alder and Wittig reactions and, more recently, with the metal-catalyzed cross-coupling reactions. Metathesis reactions can be considered as a fascinating synthetic methodology, allowing different variants regarding substrate (alkene and alkyne metathesis) and type of metathetical reactions. On the other hand, tandem metathesis reactions such Ring Rearrangement Metathesis (RRM) and the coupling of metathesis reaction with other reactions of alkenes such as Diels-Alder or Heck reactions, makes metathesis one of the most powerful and reliable synthetic procedure.
Introduction.
Olefin and alkyne metathesis have revolutionized the methodologies for the construction of carbon-carbon bonds in natural products, polymers, pharmaceuticals, and many other materials. In particular, the combination of different metathetical events allows for the rapid and convenient construction of complex molecules for simple precursors in only one pot. Domino reactions of this type have been referred to as Ring-Rearrangement Metathesis (RRM) reaction. On the other hand, bicyclic compounds formally derived from norbornene by introduction of one or more heteroatoms-mainly oxygen or nitrogen-are useful intermediates or starting material for the synthesis of more complex molecules. That is the case of the 7-oxabicyclo[2.2.1]heptene (7-oxanorbornene) derivatives. This review summarizes the application of RRM in 7-oxanorbornene derivatives including the main types of metathetical process used. Some applications in the synthesis of natural products will be also highlighted. We have covered the, in our opinion, most significant contributions appeared until November 2016.
Metathesis[1]. A brief historical overview[2].
In 1956, Herbert S. Eleuterio, at DuPont's petrochemicals department, in Wilmington, Del., obtained a propylene-ethylene copolymer from a propylene feed passed over a molybdenum-onaluminum catalyst. Analysis showed that the output gas was a mixture of propylene, ethylene, and 1-butene. In 1960 Edwin F. Peters and Bernard L. Evering recorded [3] that propylene combined with molybdenum oxide on alumina treated with triisobutyl aluminum yields ethylene and butenes. In 1964, Robert L. Banks and Grant C. Bailey, of Phillips Petroleum, Bartlesville, Okla., reported the disproportionation of propylene to ethylene and butenes using molybdenum hexacarbonyl supported on alumina [4] .The unexpected products are due to cleavage and reformation of the olefins' double bonds. One carbon of the double bond of one olefin, along with everything attached to it, exchanges place with one carbon of the double bond of the other olefin, along with everything attached to it. The Goodyear researchers named the reaction "olefin metathesis" [5] . The Goodyear team performed experiments with butene and deuterated 2-butene in the presence of a homogeneous catalyst [6] and proposed that a metalacyclobutene was formed during the process. At about the same time, Johannes C. Mol and others at the University of Amsterdam, in the Netherlands, independently reached the same conclusion with propylene and carbon-14-labeled propylene in the presence of a heterogeneous catalyst [7] .
In 1971, two chemists at the French Petroleum Institute, Yves Chauvin and Jean-Louis Hérisson, suggested that olefin metathesis is initiated by a metal carbene. The metal carbene, they proposed, reacts with an olefin to form a metallacyclobutane intermediate that breaks apart to form a new olefin and a new metal carbene, which propagates the reaction [8] (Scheme 1). Regarding alkyne metathesis, a route to polyacetylenes was first proposed by Toshio Masuda and coworkers at Kyoto University, Japan, who showed that phenylacetylene is polymerized by tungsten hexachloride or molybdenum pentachloride [13] . Using Casey's carbene, Katz and Lee demonstrated that isolable metal carbenes initiate acetylene polymerizations, giving particularly clean polymers [14] .
Five years later, Schrock prepared neopentylidyne complexes with tungsten and showed that these metal carbenes react with various acetylenes to give the expected metathesis products [15] . The same author reported the first productive niobiun and tantalun-bases catalyst for olefin metathesis [16] . These catalysts were referred to as Schrock carbene in order to differentiate it from Fischer carbene [17] (Figure 1 ). In the Fischer carbene the metal has a low oxidation state also bearing a heteroatom ligand. The C=M bond is polarized with a partial negative charge on the metal center and a partial positive charge on the carbon atom. In contrast, a Schrock carbene has the metal center in the highest oxidation state and the C=M bond is polarized with a partial positive charge on the metal center and a partial negative charge on the carbon atom. Later Schrock et al account for the synthesis of a group of very active, well defined Mo-based metathesis catalysts of general structure 1 [18] (Figure 2 ) reporting, in 1990, the synthesis of the first metathesis catalyst 2 ( Figure 3 ) which was afterwards commercialized [19] . In 1993 the first Mo-based asymmetric catalyst 3 was synthesized ( Figure 3 ). This catalyst induces ringopening metathesis polymerization (ROMP, see below) of a norbornadiene derivative leading to highly stereoregular cisisotactic polymer [20] . The use of N-heterocyclic carbene ligands in Ru-based metathesis catalyst was reported independently by Nolan [23] , Grubbs [24] and Fürtsner [25] in 1999 and, in August of the same year, the commercially available second generation Grubbs catalyst 6 ( Figure  3 ) was reported [26] .
Also en 1999 Hoveyda's group reported the first 7 [27] and second 8 [28] generation Hoveyda-Grubbs catalysts which were related to the Grubbs catalyst but that had a chelating isopropyl ether substituent attached to an ortho carbon of the benzylidene ligand in lieu of a phosphine ligand [29] . The first water soluble second generation Hoveyda-Grubbs catalyst 9 ( Figure 3 ) was reported in 2006 [30] .
The fast initiating Grubbs catalyst 10 ( Figure 3 ) was obtained in 2002 by replacing the phosphine ligand of 6 by a pyridine ligand [31] . Using 3-bromopyridine, the initiation rate is increased more than a million fold.
Titanium methylidene 11, a Schrock carbene, generated in situ from Tebbe's reagent 12 [32] (Scheme 2) also can catalyze different metathetical reactions such as ROMP of strained olefins [33] and ring-closing metathesis [34] (RCM, see below) reactions. Although these complexes are not typically used as olefin metathesis catalysts, studies by Grubbs' group [35] showed that Tebbe's complex reacts with olefins in the presence of dimethylaminopyridine to give titanacyclobutanes that slowly catalyze metathesis and could be used to identify the intermediates in olefin metathesis.
It should be pointed out that other synthetically useful methodologies related to alkenes and alkynes metathesis such as the carbonyl-alkene and alkyne metathesis [36] will not be considered here. 
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Ti Cp H 2 C enabled the synthesis of an impressively wide range of unsaturated molecules, which were challenging or even impossible to prepare by any other means.
Scheme 3: Types of olefin metathetical process.
ROMP of monomers containing strained, unsaturated rings was one of the earliest commercial applications of olefin metathesis [37] . The driving force for ROMP is the ring-strain release [38] upon going to the polymerized products. On the other hand the variant ADMET [39] has also found interesting industrial applications.
Besides the industrial application in ROMP and ADMET, olefin metathesis is used for the preparation of low molecular weight organic compounds by CM [40] or RCM [51] . This latter variation is one of the most frequently used methods of C−C bond formation in the synthesis of carbocyclic [52] and heterocyclic [53] compounds bearing numerous functions [54] . Also, cyclic amino acids [55] , peptides and peptidomimetics [56] , alkaloids [57] , carbohydrates [58] and carbocyclic nucleosides [59] , among others bioactive, biologically important molecules [60] have been synthesized.
Particularly, macrocyclic compounds and other thermodynamically less favoured ring systems can be more easily prepared by RCM than by classical methods, making this type of reaction one of the most frequently applied methods for elegant syntheses of carbo-and heterocyclic natural products. It should be indicated that the driving force for RCM is primarily entropic, because one substrate molecule affords two molecules of product [51] . Furthermore, since the small molecules released from this reaction are volatile (if not gaseous), RCM is practically irreversible and can proceed to completion.
The RCM can fail when substrate alkenes are either sterically hindered or electronically deactivated. In order to circumvent this problem the concept of relay ring-closing metathesis [52] (RRCM) was introduced. Basically, the relay approach involves incorporation of a temporary tether containing a sterically unencumbered olefin for initiation of the catalytic cycle. An example of RRCM is depicted in Scheme 4. Diene 13, bearing two 1,1-disubstituted ethylene moieties, is known to be unreactive toward the first-generation Grubbs initiator 5. In this case the catalyst is not sufficiently active to engage geminally substitutedMoreover, olefin metathesis catalysts are reported to be efficient catalysts for various mechanistically related reactions, such asenyne metathesis [53] , including ring-closing enyne metathesis [54] (RCEYM, Scheme 5), and ring-rearrangement metathesis (RRM). This last variant, the basis of this review, will be discussed later.
()n R Scheme 5: Enyne and ring-closing enyne metathesis.
Finally, a comment on the metathesis of alkynes should be made [55] (Scheme 6). Alkyne metathesis has lagged behind alkene metathesis in terms of applications, in part because alkenes are more available than alkynes and more common in organic synthesis.
On the other hand, stereoselective reduction of the installed alkyne moiety can be effected through different methodologies. These dual alkyne metathesis-reduction manifolds avoid the difficulties of stereoselective carbon-carbon double bond formation present in olefin metathesis. Consequently, alkyne metathesis has become part of the tool box of organic [56] and polymer [57] chemists for the preparation of their target molecules. Impressive progress in the practical aspects of alkyne metathesis reactions, as well as applications, guarantees that alkyne metathesis will continue to be useful for many transformations. 
A brief introduction to the use of oxanorbornenic compounds in organic synthesis.
Bicyclic compounds formally derived from norbornene by introduction of one or more heteroatoms -mainly oxygen or nitrogen ( Figure 4 )-are useful intermediates or starting material for the synthesis of more complex molecules. [64] . The first illustrative example of this concept is depicted in Scheme 7. Since them many important contributions from this author and others have appeared in the literature [65] .
The concept of RRM may be clearly understood considering the generally accepted mechanism for olefin metathesis (see Scheme 1), exemplified by a CM reaction (Scheme 8).
[  ] During the last 85 years a great deal of literature concerning the behavior of furans diene reagent in the Diels-Alder (DA) reaction has been accumulated. Within this scenario, the mechanism of the intermolecular DA reaction of furan and furan derivatives still remains the topic of much debate because of the uncertainty in whether the mechanism is synchronous, asynchronous, concerted or non-concerted. On the other hand, the mechanism of the process appears to be more or less different depending on the substituents in both cycloaddends and on the reaction conditions. Thus, the consideration of the different model reactions, well studied on both theoretical and experimental point of view and having as common characteristic the participation of the furan nucleus as diene component could provide a general idea of the different mechanistic variants of this fascinating reaction. Perhaps, the more important difference between both mechanisms is that mechanism A assigns no active role to the halide ligands whereas mechanism B suggests active involvement of the chloride ligands. In any case, the isolation of an intermediate [67] (a Ru catalyst caught in the act) in the metathesis reaction of a strained cycloolefin (a cyclobutene derivative) appears indicate that, at least in these cases, the dissociative mechanism is operative.
The adaptation of this mechanism to the case of a cycloolefin is depicted in Scheme 10. Now the carbene intermediate may reacts with a second molecule of the starting material affording a dimeric carbene. The reiteration of the process constitutes the basis of the Ring-Opening Metathesis Polymerization (ROMP) reaction (Scheme 10, below).
[ ≠ ] Concerted [2+2] cycloaddition reactions between two alkenes to give cyclobutanes is symmetry forbidden and occurs only photochemically. However, the presence of dorbitals on the metal alkylidene fragment breaks this symmetry and the reaction is quite facile.
[
The usual metathesis catalysts are in fact precatalytic species that are converted into the true catalytic agent (the metal alkylidene) after the first catalytic cycle.
The Sequence Ring-Opening Metathesis (ROM)-Cross Metathesis (CM). Synthesis of Substituted Tetrahydrofuran Derivatives.
Many natural products incorporate tetrahydrofuran (THF) moieties, including macrolides [68] , polyether ionophores [69] , acetogenins [70] , or oxidized lipids [71] with a wide array of bioactivities. Those bioactive compounds contain cis or trans tetrahydrofurans, as well as substituents (one to four) on the ring. Accordingly seems reasonable that the literature overflows with stereoselective synthetic procedures for obtaining substituted THF [72] . In this context, the sequence ROM-CM of 7-oxanorbornene derivatives constitutes an appealing possibility for the synthesis of this kind of compounds (Scheme 12).
Scheme 12:
The sequence ROM-CM.
[¥] In the context of this review we will define as "strained olefins" compounds such as cyclopropene, cyclobutene and norbornene and their corresponding derivatives. This criteria is easy to explain considering the cycle-strain of these compounds relative to cyclohexane: Cyclopropene, 54. The ROM-CM of oxanorbornene derivatives with styrene was reported in 1999 [74] . In this case, the "Resin Capture Strategy" has been applied. Resin capture is a method of initiating a combinatorial library synthesis in solution and transferring the solution-phase products to a solid support for subsequent transformations [75] . In this way, 7 The ROM-CM of 7-oxanorbornene derivatives 34 and 35 using selenocarbene 39 as catalyst and vinyl selenium derivative 36 as CM alkene afforded tetrahydrofuran derivatives 37 and 38 in good yields and moderate diastereoselectivity [76] The synthesis of 2, 3, 4, 5-tetrasubstituted tetrahydrofurans 40 and 41 with different substitution at the positions 2 and 3 from 7-oxanorbornene derivatives 42 and 43 and using ethylene as CM reagent in the presence of Hoveyda-Grubbs catalyst 7 has been reported [77] (Scheme 16). The starting materials 42 and 43 were prepared through a sequence involving Diels-Alder reaction of furan and vinylene carbonate followed by hydrolysis and enzymatic desymmetrization [78] . The sequence ROM-CM of a symmetrically substituted bicyclic alkene with a terminal olefin produces only one product (Scheme 13). That is also the case when a 7-oxanorbornene derivative differently substituted at position 2 and 3 reacts with ethylene as CM partner (Scheme 16). However, two regioisomeric cyclic products should be expected from the reaction of an unsymmetrical substituted bicyclic alkene using an olefin different to ethylene as CM reagent.
The ROM-RCM of differently 2-substituted 7-oxanorbornenes afforded different results depending on the substituent at C-2 [79] (Scheme 17a). In this way, the reaction of ketone 44 with allyl acetate took place with no regioselectivity at all (ratio 48a:48b = 50:50). This was also the case with the alcohol 45 (ratio 49a:49b = 50:50). On the other hand, the reaction of the acyloxy derivatives 46 and 47 gave rise to the majority formation of the corresponding tetrahydrofurans 50b (50a:50b = 19:81) and 51b (51a:51b = 23:77). It is worth mentioning that, in the case of compounds 50 and 51, the larger alkenyl group of the main products is located on the less-hindered side of the tetrahydrofuran ring.
Interestingly, 7-oxanorbornenes substituted both at C-1 and C-2 show a better regioselectivity than their C-1 unsubstituted counterparts (Scheme 17b). For instance, treatment of compound 52 with allyl acetate in the presence of 5 (6mol %) gave rise to compounds 55 with good regioselectivity in favour of 55b (60%, 55a:55b = 20:80). This result should be compared to that of compound 44 (Scheme 16a), which gave rise to the corresponding tetrahydrofurans 48 with no regioselectivity at all. Similarly, the ROM-CM reaction of the dioxolane 54 (Scheme 17b) took place in a fully regioselective fashion (15%, 57a:57b = 0:100), although with poor yield. This result can be compared with the ROM-CM of 53 (70%, 56a:56b = 21:79). Scheme 17: Regioselectivity of ROM-CM in monosubstituted 7-oxanorbornene derivatives.
The regioselectivity of the reaction was conveniently improved in the case of 7-oxanorbornene derivatives having an endo 
The Sequence Ring-Opening Dimerization (ROD)-CM.
An interesting possibility arises from a simple concept: ROMP reaction occurs necessarily through a ROMD step. It would be possible to stop the ROMP not after the first ROM process but at the level of the ROMD by interception of the reaction with the appropriate CM partner? (Scheme 22).
Conceptually this objective is important because, in an ideal case, it would be possible to decide the size of the oligomeric products in order to obtain dimers, trimers, etc in a controlled fashion. It should be indicated that, starting from a 2-substituted bicyclic compound, the reaction is more complicated than the single ROM-CM because now four regioisomeric products are possible after hydrogenation of the reaction mixture (Scheme 23).
Scheme 23: Regioisomeric products expected from the sequence ROMD-CM of a 2-substituted 7-oxanorbornene derivative.
Using the ethylendioxy derivative 75 as model compound and under the experimental conditions depicted in Scheme 24 (allyl acetate as CM partner), compounds 76 and 77 were obtained [92] . This procedure allows for the linking of two tetrahydrofuran moieties by an ethylene bridge, in a highly regioselective fashion. It is worth mentioning that only two out of the four possible dimers were observed, and that the selectivity in favor of 73 was fairly high. Scheme 24: Sequence ROMD-CM in compound 75. To understand the regiochemistry of the ROD-CM in compound 75, it was assumed that the carbenes react with another molecule of the starting 7-oxanorbornene (Scheme 25). In this case, the steric interaction between the substituents at C-2 of the bicyclic ring and the bulky tetrahydrofuran unit (R 1 or R 2 ) introduced in the first step becomes the dominant steric effect, and may overwhelm the steric interaction between the substituents X, Y at C-2 with the metal moiety. In such a situation, formation of 77 from intermediate78, and formation of 76 from intermediate 79, would be expected. This result highlights the delicate balance of steric interactions of the different carbene species in the outcome of the ring-opening and cross-coupling metathesis. It should be pointed out that the carbon backbone of certain higher carbohydrates is constituted of this type of structure [93] .
The sequence ROM-Ring-Closing Metathesis (RCM): Ring Rearrangement Metathesis (RRM).
The general principle of these transformations is illustrated in the Scheme 26 by application of Chauvin's mechanism and considering two possible reaction paths involving: a) first cyclometallation of the endocyclic double bond or, alternatively, b) first cyclometallation of the exocyclic double bond. This metathetical sequence has been successfully applies to the synthesis of many different types of carbo-and heterocycles [65] and also in polymer synthesis [94] . Several conclusions may be deduced from this study: (a) both catalyst 84 and 8 permitted the almost complete reaction of 86 in 15 min. at 25ºC; (b) the exo adducts were less reactive than the endo isomers according with previously published results [97] ; (c) substrate 88d bearing a tosylamine group necessitated a significant increase of reaction time; (d) formation of the seven-membered ring (entry 5, Scheme 28) requires longer reaction times regarding the formation of five-and six membered rings and only traces of the eight membered ring spiro compound was obtained being polymers the major products (Scheme 28, b); (e) in the case of diazabicylo derivative only dimer 93 was obtained; (f) double cyclization of 94 (Scheme 28, d) occurred with thermal activation at 40ºC albeit at this temperature retro Diels-Alder reaction was found competitive. The sequence ROM-RCM of an appropriate 7-oxanorbornene system has been applied to the synthesis of an analogue (97) of the spirocyclic core of cyclopamine 96 (Scheme 29) [98] .This complex plant-derived steroid, isolated from the corn lily (Veratrum californicum)is a teratogen that causes usually fatal birth defects. It can prevent the fetal brain from dividing into two lobes (holoprosencephaly) and cause the development of a single eye(cyclopia). It does so by inhibiting the hedgehog signaling pathway (Hh) [] [99]. Cyclopamine is useful in studying the role of Hh in normal development, and as a potential treatment for certain cancers in which Hh is overexpressed [100] .
The starting material for the synthesis of 97, 7-oxanorbornene derivative 101b, was prepared as follows: Diels-Alder reaction of Scheme 28: ROM-RCM in some 7-oxanorbornene derivatives.
furan 98 and 3-bromomethyl propriolate 99 gave the oxabicyclo[2.2.1]heptadiene 100. One-pot dehalogenation using a buffered zinc-silver couple followed by immediate conjugate addition of allylamine and amino group protection gave ester 101b as a single diastereomer. Exposure of 101b to the second generation Grubbs catalyst 6 led to the formation of the spiroannulated furan 97 in excellent yield. Overall, the reaction involves a ring-opening metathesis of the strained endocyclic double bond and two consecutive RCM reactions [101] . 
In this way, fused bicycles system 107 were obtained in appropriate yields together with the dimeric compound 109 arising from the sequence ROMD-CM or with single bicyclic derivatives without formal incorporation of the external CM partner as minor 108 [107] (Scheme 32). In the case of enamides 111 the products arising from the formal sequence ROM-CM-RCM 112 were obtained in acceptable yields [108] (Scheme 33). Despite the fact that enyne metathesis is closely related to alkene metathesis, the mechanism of the former is by far less understood than the latter metathesis reaction. Some authoritative accounts concerning this question have been recently published [110] and, by this reason, this point will not be considered here.
In the case of intramolecular enyne metathesis (IEM) reactions, the final product is an exocyclic 1,3-diene which can be further transformed into polycyclic structures [111] via Diels-Alder cycloadditions (Scheme 35). Many different dienophiles have been used in these types of transformations, including singlet oxygen [112] and fullerene C-60 [113] . In Pharmacological evaluations outlined the high potency of 129 as a selective agonist for both the (S)-2-amino-3-(3-hydroxy-5-methyl-4-isoxazolyl) propionic acid (131, AMPA) and kainic (132, KA) ( Figure 7 ), sub-classes of ionotropic glutamate receptors [¥], with a higher selectivity for the latter [118] . Central or peripheral administration of 129 to mice induces excitotoxicity in a more powerful intensity and duration than the KARs reference agonist domoic acid 133 [119] (Figure 7) . Detailed studies showed a preferential binding for kainate-subtypes GluK1 and GluK2 receptors. Compounds 129 and 130 are selective agonists for GluK1, which is associated with pain pathways and epilepsy [120] .
Structurally, dysiherbaine and neodysiherbaine are two functionalized glutamate amino acids presenting an original bicyclic pyranofuran core: a unique cis-fused tetrasubstituted hexahydrofuro [3,2-b] pyran backbone possessing four contiguous stereocenters, a quaternary stereocenter and an amino acid appendage. Combination of their unique structural features with their powerful neuropharmacological activities makes these compounds attractive targets for the synthetic and the biological communities. There have been several reports for the total synthesis of dysiherbaine 129, neodysiherbaine 130 and their unnatural analogues [121] .
Sasaki and co-workers have made the most important contribution to the Dysiherbaine topic. After pioneering the field with isolation, structure elucidation and biological evaluation of both 129 and 130, they focused their attention on structure-activity relationship studies with the preparation of synthetic analogues. These authors developed a highly regioselective domino metathesis (ROM/CM/RCM) reaction of unsymmetrical 7-oxanorbornene 134 promoted by Hoveyda-Grubbs second-generation catalyst in the presence of electron-rich vinyl acetate as a cross metathesis The highly functionalized 7-oxanorbornene skeleton 135 was first constructed selectively by tandem Ugi/Diels-Alder reaction by using 4-methoxybenzylamine (PMB-NH 2 ), benzyl isocianate, (Z)-3-iodoacrylic acid and 2-furfural (see footnote p. 9) [123].
This metathetical sequence 134-135 takes place in the order of regioselective ROM, CM and RCM. For these metathesis reactions it is noteworthy that the regioselectivity was highly controlled. Either or both of two mechanisms could be operative. The first mechanism is an association mechanism (see Scheme 9) and the second one is a Fischer-type carbene mechanism. Their experiments concluded that the mechanism based on Fischer-type carbene ["Ru"=CH(OAc)] is probably operative in their regioselective domino metathesis of 7-oxanorbornenes 134, and the initial [2+2] cycloaddition may be controlled by some steric interactions between bulky substituents in the catalyst and substrate, but not by association between 7-oxanorbornene substrates 134 and the active carbine species.
In 2012, Lee et al. described the preparation of functionalized pyranofuran 139, an intermediate in the synthesis of dysiherbaine and neodysiherbaine A [124] . A domino olefin methatesis reaction of 1-alkyl-3-(allyloxy)-7-oxabicyclo[2.2.1]hept-5-ene 137 produced the fused bis(oxacyclic) structure 138 with complete control of the relative stereochemistry at the quaternary carbon centre and the ring junction of the dysiherbaine core skeleton (Scheme 40). Further transformations of 138 (conversion of the C4 vinyl acetate into a primary alcohol, an osmium-mediated dihydroxylation, ozonolysis, oxidation and esterification) afforded the compound 139. This synthesis offers an opportunity for the facile synthesis of the dysiherbaine natural products and their analogues for pharmacological study.The bicyclic structure 137 was prepared starting from a substituted furan and bis(phenylsulfonyl)ethylene through a Diels-Alder reaction in 13.9% yield over 7 steps [125] . 
b) Synthesis of Phelligridin G.
Phelligridins are interesting natural products isolated from the fruiting body of Phellinus igniarius. The fruiting body of this fungus has been long used in its role as a Traditional Chinese Medicine for the treatment of fester, bellyache and bloody gonorrhoea [126] .
Phelligridin G 140 (Scheme 41) displays significant antioxidant activity, inhibiting rat liver microsomal lipid peroxidation and also shows moderate selective cytotoxic activity against a human ovarian (A2780) and colon cancer cell line (HCT-8). Phelligridin G contains an embedded spiro-fused furanone core 141. Wright [127] has developed a furan-based synthetic approach towards the spirocyclic core structure of this natural product from readily available 2-phenylfurans (Scheme 41). Their target core domain 141, comprised of the A, B and C rings characterized by the challenging 2-oxaspiro-[4.4]-octane unit (Scheme 41). They were able to access this key system through a sequential intermolecular furan Diels-Alder reaction to give 143, followed by a ring opening metathesis/ring closing metathesis (ROM/RCM) process. The commercially available starting materials, 2-furanboronic acid and 3,4-dimethoxybromobenzaldehyde, were joined through standard Suzuki cross-coupling with bis(triphenylphosphine)-palladium(II) dichloride to produce the 2-phenylfuran derivative 142 in good yield. Olefination of the α,β-unsaturated carbonyl with methyl triphenylphosphonium bromide in the presence of n-butyl lithium yielded styrylfuran 143. Use of a deactivated alkyne, dimethyl acetylenedicarboxylate (DMAD) as counterpart, under mild thermal conditions (rt→40 °C) led to the desired adduct 144 in reasonable yield. They also examined the potential of aldehyde 142 to participate in the [4+2] cycloaddition. As expected, condensation of aldehyde 142 with DMAD required higher temperatures (55°C) as well as longer reaction time, owing to the presence of the electronwithdrawing group which deactivates the furan ring system. Ultimately, this reaction did produce the adduct 145 in ~50% isolated yield, which could be taken on to 144 by olefination. With the key oxabridged intermediate in hand, they were able to attempt the key metathesis reaction. The oxabicyclo adduct 144 undergoes a ring opening/ring closing (ROM/RCM) domino type metathesis using Grubbs 2nd generation catalyst 6 to form spiro compound 141 as a single diastereomer containing the core structure of phelligridin G. [129] . A ring-closing olefin metathesis approach was employed for the construction of the oxygen-bridged eight-membered bicyclic skeleton. The RCM product was converted to the target natural product featuring the oxidative rearrangement of a furfuryl alcohol introduced as the side chain and the stereoselective 1,2-reduction of a -keto--unsaturated -lactol intermediate.
The synthesis began with the preparation of 148, the substrate for the RCM reaction, prepared from the known compound 147 [130] , the Diels-Alder adduct of furan and maleic anhydride. The synthesis of 148 was accomplished in 9 steps from 147. With the designed diene 147 in hand, the RCM reaction was next examined. The treatment of 147 with a Grubbs catalyst5 (four additions, each of 5 mol % over a period of 20 h) in refluxing benzene furnished the desired oxygen-bridged cyclooctene derivative 149 in an 83% yield.
In this case, a highly diluted solution (0.003 M) of 148 in benzene was essential to obtain a satisfactory result. Increasing the concentration of 148 resulted in a lowering of the yield of 149, presumably due to the occurrence of competing oligomerization. On the other hand, the RCM reaction in dichloromethane gave decomposed materials. The addition of bromine to 149, followed by the exposure of the resulting vicinal dibromo adduct to potassium tbutoxide, provided a 9-oxabicyclo[4.2.1]nona-2,4-diene derivative 150.
Having established the synthetic route to the oxygenbridged cyclooctadiene skeleton, they turned their attention to the construction of the -lactone moiety attached to the main scaffold. The desilylation of 150 followed by oxidation gave an aldehyde, which was allowed to react with the 2-lithiated furan to produce the furfuryl alcohols 151 and epi-151 as an inseparable 3:2 diastereomeric mixture regarding the carbinol center. The desired diastereomer 151 was obtained as a sole product by an oxidationreduction procedure. It is well recognized that the rearrangement of furfuryl alcohols to pyranones occurs under oxidation conditions, and a number of procedures for this purpose have been reported [131] . The authors chose a vanadium-catalyzed peroxide addition followed by a rearrangement reaction [132] . Scheme 42: First total synthesis of (±)-mycoepoxydiene 146.
Compounds 1893A (153) and 1893B (154) ( Figure 8 ) were isolated in 2003 during the course of antitumor natural products searching from the fermentation broth of a marine endophytic fungus (No. 1893) which exists in mangoves, showing cytotoxic and insecticidal activities [133] . These two metabolic products were found to possess the same oxygen-bridged cyclooctadiene core skeleton than mycoepoxydiene 146. Tadano et al. accomplished the asymmetric total syntheses of (+)-mycoepoxydiene 146 and (-)-1893A 153 [134] . In their work, they described the synthesis of the core skeleton of 146 and 153 through two synthetic routes by the use of an intramolecular or sequential inter-and then intramolecular olefin metathesis strategy.
a) The First-Generation approach to the functionalized oxygenbridged cyclooctadiene (+)-158 (Scheme 43): the first route relies on the RCM of a doubly 2-propen-1-yl-substituted tetrahydrofuran derivative at C2 and C5. The substrate for this RCM reaction was prepared from a 7-oxabicyclo[2. For the conversion of (+)-158 into the desired natural product (+)-mycoepoxydiene 146, they applied the rearrangement of a furfuryl alcohol appendage to a pyranone form in an analogous way to Tadano (Scheme 45). Through the present completion of the total synthesis of (+)-146, the absolute stereochemistry of natural 146 was established.
From the common intermediate (+)-158, the structurally related natural product (-)-1893A 153 was also synthesized via the vinylogous aldol reaction (Scheme 45). As a butenolide anion equivalent, 2-(trimethylsilyloxy)furan was chosen due to its high -regioselectivity [135] . Thus, oxidation of (+)-158 and the subsequent vinylogous aldol reaction of the resulting aldehyde with 2-(trimethylsilyloxy)furan provided -adduct 161 as a mixture of stereoisomers (ca. 8:1). The sulfonylation of 161 followed by heating at 80°C for 2 days, gave (-)-1893A 153 (63% yield). . This synthesis allowed established its relative and absolute stereochemistry. The primary alcohol in this cascade metathesis product, (+)-159, was oxidized to an aldehyde, which was then reacted with vinylmagnesium bromide, affording diastereomeric allylic alcohols 162a and 162b as an inseparable 1:1 mixture. To establish the stereochemistry of the diatereomers, the mixture was esterified with (S)-O-acetylmandelic acid. The stereochemically defined allylic alcohol 162a was subjected to the Sharpless VO(acac) 2 -catalyzed epoxidation [137] . Mitsunobu inversion followed by protection of hydroxyl groups afforded syn-and anti-epoxy MOM ethers 163a and 163b. The opening of the epoxy ring of 163a with lithium trimethylsilylacetylide efficiently provided the desired product 164. For an introduction of the -lactone part, 164 was subjected to a Wacker-oxidation-like reaction using apalladium catalyst, providing the desired lactone 165. This oxidative cyclization was considered to proceed via regioselective trans-hydroxypalladations followed by[PdCl/TMS] syn-elimination. After deprotection of 165 followed by acetylation, (-)-1893B 154 was obtained. Furthermore, by applying the same synthetic sequence, three additional diastereomers of 154, compounds 166, 167, and 168 were also synthesized.
In the same report, the biological activities of (-)-1983 A 153 and (-)-1983B 154 and the three stereoisomers 166, 167, and 168 were explored. Compound 153 was found to exhibit weak cytotoxicity in vitro against human chronic myelogenous leukemia K562 and human hepatocellular carcinoma HepG2 cells. However, neither compounds 154, nor diastereomers 166, 167, and 168 showed either antibacterial activities against a variety of Gram-positive and Gramnegative bacteria and cytotoxicity against the two tumor cell lines.
Summary and Conclusions.
In our opinion two clear conclusions may be obtained from the work summarized in this report: the first one concerns the metathesis reaction itself. According to Prof. Fürstner, several times cited in this article, "metathesis in general and olefin metathesis in particular are among the most important advancements in preparative chemistry… seen in recent years, and many stimulating discoveries certainly still lay ahead". The second concerns the metathesis in bicyclic systems and, in particular, in 7-oxanorbornene derivatives. In these cases "the high regio-and stereoselectity obtained......is clearly of great value in many synthesis". The results herein presented show that RRM in 7-oxanorbornene derivatives constitutes a useful technology for the preparation of a diverse range of structures generally difficult to synthesize by others synthetic routes. It is an atom economic process producing wide range of polycyclic compounds containing highly demanding structures efficiently. Without doubt the exploitation of the potential of this synthetic technology will be continuing in the next years.
